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INHIBrnON OF DIFFERENTIATION OF CYTOTOXIC T-CELLS 
BY P-SELECTIN LIGAND (I*SGL) ANTAGONISTS 
Background of the Invention 

P-selectin is a cell adhesion molecule expressed, among other places, on 
vascular endothelium. Interaction of P-selectin with its ligand, PSGL (also known 
as "PSGL-1", which is expressed, among other places, on neutrophils), causes 
cells circulating in the vasculature which express PSGL to attach to the 
O endothelium, where other adhesion molecules mediate extravasation into the 

y3 surrounding tissues. Thus, the P-selectin/PSGL interaction has been a well- 

y 

documented step in the development of inflammatory and immune responses. 

PSGL has been cloned and well-characterized as described in International 
Application No. WO98/08949 (which is incorporated herein by reference). Such 
application discloses polynucleotides encoding various forms of PSGL, including 
numerous functional soluble forms of PSGL. Thus, PSGL is a well-characterized 
molecule, the soluble forms of which are particularly amenable to administration 
as therapeutics. 

Therefore, it would be desirable to determine whether PSGL is involved in 
other cellular interactions for which forms of PSGL or other PSGL antagonists 
could serve as inhibitors. 
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Summary of the Invention 

Applicants have for the first time determined that soluble PSGL or 
antibodies directed to PSGL will inhibit the differentiation of activated 
proliferating T-cells into cytotoxic lymphocytes. Thus, soluble PSGL, PSGL 
antibodies and other PSGL antagonists will inhibit such differentiation and the 
attendant immune and inflammatory responses resulting therefrom. As a result, 
these antagonists can be used to treat diseases and other conditions which result 
from undesirable or over-aggressive immune and inflammatory responses, such as, 
for example, in allergic reactions and autoimmune conditions. 

The present invention provides a method of inhibiting the differentiation of 
i2 an activated T-cell into a cytotoxic lymphocyte in a mammalian subject, said 

7* method comprising administering to said subject a therapeutically effective 

o 

SJ amount of a PSGL antagonist. 

fy Other embodiments provide for a method of treating or ameliorating an 

"asf 

autoimmune condition, said method comprisingadministering to said-subject a 
therapeutically effective amount of a PSGL antagonist. 

Yet other embodiments provide for a method of treating or ameliorating an 
allergic reaction, said method comprising administering to said subject a 
therapeutically effective amount of a PSGL antagonist. 

Other embodiments provide a method of treating or ameliorating asthma, 
said method comprising administering to said subject a therapeutically effective 
amount of a PSGL antagonist. 
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In each of such methods, said PSGL antagonist is preferably selected from 
the group consisting of a soluble form of PSGL, an antibody directed to PSGL, an 
antibody directed to sLe x , an antibody directed to sulfated tyrosine, sLe x , mimetics 
which inhibit sLe x binding and a small molecule inhibitor of PSGL binding. 
Soluble forms of PSGL and antibodies directed to PSGL are most preferred. 
Among soluble forms of PSGL, those preferred are soluble forms of PSGL 
comprising the first 19 amino acids of the mature amino acid sequence of PSGL, 
with forms comprising the first 47 amino acids of the mature amino acid sequence 
of PSGL being more preferred. In certain other preferred embodiments, such 47 
amino acids are fused to the Ig portion of an immunoglobulin chain. 

Detailed Description of Preferred Embodiments 

All patent and literature references cited are incorporated herein by 
reference as if fully set forth. 

Numerous soluble forms of PSGL, including fusion proteins comprising 
PSGL sequence, are disclosed in International Application No. WO98/08949. 
Soluble forms of PSGL can be made in accordance with the methods disclosed 
therein and other methods known to those skilled in the art. 

As used herein, the term "antibody" includes a polyclonal antibody, a 
monoclonal antibody, a chimeric antibody, a single-chain antibody, a CDR-grafted 
antibody, a humanized antibody or fragments thereof which bind to the indicated 
protein. Such term also includes any other species derived from an antibody or 



antibody sequence which is capable of binding the indicated protein. 

Antibodies to a particular protein can be produced by methods well known 
to those skilled in the art. For example, monoclonal antibodies can be produced 
by generation of antibody-producing hybridomas in accordance with known 
methods (see for example, Goding. 1983. Monoclonal antibodies: principles and 
practice. Academic Press Inc., New York; Yokoyama. 1992. "Production of 
Monoclonal Antibodies" in Current Protocols in Immunology. Unit 2.5. Greene 
Publishing Assoc. and John Wiley & Sons). Polyclonal sera and antibodies can be 
produced by inoculation of a mammalian subject with the relevant protein or 
fragments thereof in accordance with known methods. Fragments of antibodies, 
receptors or other reactive peptides can be produced from the corresponding 
antibodies by cleavage of and collection of the desired fragments in accordance 
with known methods (see for example, Goding, supra; Andrew et al. 1992. 
"Fragmentation of Immunoglobulins" in Current Protocols in Immunology. Unit 
2.8. Greene Publishing Assoc. and John Wiley & Sons). Chimeriaantibodies and 
single chain antibodies can also be produced in accordance with known 
recombinant methods (see for example, 5,169,939, 5,194,594 and 5,576,184). 
Humanized antibodies can also be made from corresponding murine antibodies in 
accordance with well known methods (see for example, U.S. Patent Nos. 
5,530,101, 5,585,089 and 5,693,762). 

"sLe x " is sialyl Lewis x, a carbohydrate involved in PSGL binding (see, 
WO98/08949). Methods of making sLe x are known to those skilled in the art. 



"Mimetics which inhibit sLe x binding" include carbohydrate and 
peptido/carbohydrate species which bind to determinants which bind sLe x in such 
a manner to inhibit sLe x binding (see, for example, U.S. Patent No. 5,614,615). 
Other methods for making such mimetics are known in the art. The ability of such 
species to perform in the methods of the present invention can be determined by 
testing such species in the models described herein for testing of soluble PSGL 
and PSGL antibodies. 

Small molecules which inhibit PSGL binding can also be identified by 
testing of candidate materials in the models described herein. Numerous 
compounds are available for testing to determine which perform in accordance 
with the present invention. 

Pharmaceutical compositions containing a PSGL antagonist which are 
useful in practicing the methods of the present invention may also contain 
pharmaceutically acceptable carriers,_diluents,.fiUers,.salts, buffers, stabilizers 
and/or other materials well-known in the art. The term "pharmaceutically 
acceptable" means a material that does not interfere with the effectiveness of the 
biological activity of the active ingredient(s) and that is not toxic to the host to 
which it is administered. The characteristics x>f the carrier or other material will 
depend on the route of administration. 

It is currently contemplated that the various pharmaceutical compositions 
should contain about 0. 1 micrograms to about 1 milligram per milliliter of the 
active ingredient. 



Administration can be carried out in a variety of conventional ways. 
Intraperitoneal injection is the preferred method of administration. Intravenous, 
cutaneous or sub-cutaneous injection may also be employed. For injection, the 
PSGL antagonist will preferably be administered in the form of pyrogen-free, 
parenterally acceptable aqueous solutions. The preparation of such parenterally 
acceptable protein solutions, having due regard to pH, isotonicity, stability and the 
like, is within the skill of the art. 

The amount of PSGL antagonist used for treatment will depend upon the 
severity of the condition, the route of administration, the reactivity of the 
antagonist or the activity of the antagonist, and ultimately will be decided by the 
treatment provider. In practicing the methods of treatment of this invention, a 
therapeutically effective amount of a PSGL antagonist is administered. The term 
"therapeutically effective amount" means the total amount of each active 
component of the method, or composition that is sufficient to show a meaningful 
patient benefit (e.g., curing, ameliorating, inhibiting, delaying or preventing onset 
of, preventing recurrence or relapse of). One common technique to determine a 
therapeutically effective amount for a given patient is to administer escalating 
doses periodically until a meaningful patient benefit is observed by the treatment 
provider. When applied to an individual active ingredient, administered alone, the 
term refers to that ingredient alone. When applied to a combination, the term 
refers to combined amounts of the active ingredients that result in the therapeutic 
effect, whether administered in combination, serially or simultaneously. A 



therapeutically effective dose of a PSGL antagonist in this invention is 
contemplated to be in the rarige of about 0.05 mg/kg to about 25 mg/kg, preferably 
about 1 mg/kg to about 20 mg/kg, more preferably about 2 mg/kg to about 10 
mg/kg. The number of administrations may vary, depending on the individual 
patient and the severity of the autoimmune condition. 

The present invention is further exemplified and supported by reference to 
the experimental results described below. 

All references cited herein are incoporated by reference as if fully set forth. 



Example 1 

a(lj) fucosyiarion of carbohydrate moities on seiectin ligands is required for seiectin 
binding and therefore, mice doubly deficient for a(lJ>facosyi transferase IV and Vn (FT-/-) 
lack functional seiectin ligands on endothelial ceils and T ceils u . When infected with 
vaccinia virus (w), FT-- mice do not develop viral-specific cytotoxicity, although their CDS-r T 
ceils are capable of vigorous viral-specific proiiferatioa and interferon- y (TEN- y) production. 
The defect in CTL killing is aot a result of impaired seiectin-mediated trafficking of T ceils, 
since mice tripiy deficient for L-, P- and Z^eiecd-s 3 develop normal antiviral cytotoxicity. 
Soluble recombinant P seiecnn giyco protein- 1 (rec-PSGL-1 4 ) and PSGL-1 monoclonal 
antibody, 2PH-1 3 partially biock the generation of efTector CTL from primed wild type T cells 
in vitro. These results suggest that the killer function of antigen-specific CDS^ T ceils 
develops independently of their ability to proliferate and secrete cytokines and critically 
depends on a ailjytucosviattd PSGL-1 related molecule, 

Seiectins and their ligands are surace molecuies reciprocally expressed an endothelial ceils and 
leukocytes, which through their mtcractions initiate leukocyte rolling, the Srst step required for 
leukocyte migration through the vascular endcaeiium w ; The lectin domain of seiectins is recognized by 
sialyl Uwis x (sL«) related carbohydrates presented on ceiluiar protein scaffolds and the oligosaccharide 
modifications on sLex moities by giycosytaticm siaiytation, tucosyiation and sulfation determine the fine 
specificity of the seiectin- iigand interaction^^. Tac central importance of fucosylation for seiectin 
binding was shown in FT rv and VH-doubiy dencient mice where L-, P- as well as E-selectin mediated 
leukocyte rolling is severely compromised and results in in impaired DTK response to peripheral 
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antigen challenge'" 1 . How defective seiectin ligand runcaon affect systemic antigen recognition is not 
known. 

Vaccinia virus induces an acute infecticn in .-nice 'Resulting in the generation of a robust T cell 
mediated immune response and virai- specific cytc toxicity can be demonstrated directly from freshly 
isoiated splenccytes and PEL without resrimuiaticn in vitro *. Taus, w infection provides a convenient 
acute infecticn mode: :o study me ger.erancn of T ceil response in vivo. We studied me T ceil response 
of FT— mice using mis mode*. Wild type and FT— mic; were infected with w via a peripheral 
(sufacutanecusiy at base of me mil (sc)) or a systemic route (intraperltoniaily (ip)) and viral-specinc 
cytotoxicity was assessed using peritoneal exudate Ivmphccytes (PEL) and/or splenocytes obtained on 
day 10 (sc xuc) or >(:p route) post infecticn (pf;. Wild r/pc mice showed high ieveis of cytotoxicity, 
whereas sp ienccytes and PEL rem FT-'- mice exhibited ao derectabie cytotoxicity, irrespective of me 
route of iniecticn '[rig la). To determine ±e extent of me defective CTL response, we cried :o enrich for 
viral-specific CTL by stimulating pruned spienccytes (obtained 7 days pi; with vv in vitro. CTL activity 
was assessed after 5-7 days of culture. Although equal number of large ceils with lymphobiast 
morphology were detected microscopically in both -r- and bulk cultures, highly cytotoxic ceils could 
be detected in wild type but act FT— cultures (?!g lb). Similar results were obtained with wild type or 
FTV- lung nbrcbiast target ceils (dam not shown) indicating mat these observations are act consequent 
to a peculiarity of me MGS7G target ceils used in ±e earlier assays. These results suggest a profound 
■defect in the generation of viral-specinc effector CTL in FT-- mice. To determine if the Jailing ability 
of FT-'- T ceils is globally defective or, is : csa i cssri so viral-specific killing, we tested lymphocyte 
activated killer (LAK) runcticn and Staphylococcal enterc toxin A (SEA) induced CTL activity in vitro. 
In both assays, the killer function in FT-- tmTwafc was aot severely compromised (Fig. 1c). Thus, there 
is a profound and specific defect in me g e n e ra tion of Class* I-restricted antigen-specific effector CTL in 
the FT-*'- animals. 

In addition :o a strong CTL response, vaccinia infection elicits natural killer (NK) ceil function 
and 7 mterferon production by NK ceils, Cu<±- and CD 3^- T ceils as weii as a strong humoral immune 
response 13 . .Although CD 8- CTL response may be a major mediator of protection in normal animals 14,1 ', 




mice lacking CDS-*- T ceils as well as mice deficient in an important component of CTL machinery, 
perforin are abie :o clear w suggesting that NK ceil function, y- interferon secretion and normal antibody 
response can compensate for me lack of ana-viral CTL 15 * 15 " 0 . These parameters are not defective in FT 
V- mice (not shown). Accordingly, although grossly defective in die generation of and- viral CTL, FT -/- 
mice could clear w similar 'jo wtfti type mice (act shown). These results indicare that c^IJ>fucosyi 
transferase deficiency selectively affects ±e generation of effector CTL. We further analyzed these mice 
to clarify the reasons for their defective CTL response. 

FT-/- mice are severeiy compromised for rymphocyte homing to peripheral lymph nodes 1 " 1 , 
suggesting the possibility that failure to find anti-viral CTL in the FT-/- mice may be due to defective T 
cell prilling in the peripheral or visceral lymph nodes, leading in aim to diminished levels of w-specruc 
CTL in the spleen. It was also possfole ±at the PEL from FT-'- mice had no detectable CTL because of 
diminished T ceil o-aficicng into the peritcneai cavity. To address these possibilities, we compared 
spleaccyres and PEL rrcm wild type and FT— once for T ceil subset representation, and for their 
activation status. Spienccytes and PEL rxcm both wild type and FT-/- mice had comparable proportions 
of CD*- and CDS- T ceils (Fig 2a). Moreover, CD*- and CD3^ T ceils in both PEL and me sp teen 
exhibited similar levels of L-seiectin, LFA-1 and CD4* (Fig 2b). The absolute numbers of ceils recovered 
from the peritoneal cavity was reduced on an average by 50% in the FT -/- mice compared to wild type 
mice, suggesting some defect in TafScicng of ceils into ie peritoneal cavity. This however, can not 
explain, the defective CTL function in the FT— • mice since total cell numbers are equalized to that in 
wild type mice in CTL assays to determine me E;T ratios. Thus, although similar numbers of activated 
CD8-^- T ceils were tested in the CTL assays, viral-specific cytotoxicity was not detected in FT-/- mice. 
These results imply that in the FT V- mice, CDS-*- ceils in the- spleen and PEL are activated but are not 
able to mediate cytolytic mnctian. 

During an inflammatory condition like a viral infection, in addition to antigen-specinc ceils, 
non-specific T ceils may be activated and traffic to the site of infection 22 " 3 * However, recent data using 
TCR transgenic mice and MKC -peptide tetramers indicate that most activated ceils are indeed antigen- 
specinc 24 ^ 6 * To determine whether the activated CD 8- T cells in the spleen and PEL are antigen- 
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specific, ceils from infected .nice were iramuncmagneticaily depleted of CD^- T cells and NK cells, and 
tested for w-specinc proliferation. Both wild rype and FT-/- CD8-^ T ceils proliferated comparably and 
specifically in response to w stimulation (Figlc). Since IL-2 production is required for T ceil 
proliferation, this resuit suggested chat cytokine production may not be defective in FT-/- CD8- T 
ceils. We also assayed for vv- simulated production of the major CDS- T ceil cytokine, interferon-;'. We 
found that IFN— y production was com pane ie in wiid rype and FT-/- CD S~ T ceils (Figld). These results 
suggest mat the generation of virai-speci£c CDS- T ceils, their viral-specific proliferation and cytokine 
release are not altered in me FT-'- mice. 

To determine whether me absence of streets r CTL in FT-?- mice is a result of defective seiecrin 
or seiectin ligand function, we tested mice Tfriy dencient for L-/P-, and E-seitctins for their ability to 
generate antiviral CTL alter w infection. Triple seiectin deficient mice, like wiid rype mice and unlike 
FT-/- mice, exhToited a robust CTL activity (F:gJ). Thus, the defect in effector CTL generation in the 
FT-/- mice is unrelated :o a defective seiectin function but is a consequence of a seiectin ligand function. 

Coilectiveiy cur results indicate mat ±e r/rc toxic effector function of virai-specific CDS- T 
ceils, rather man meir generation, prciiferatica or cytokine production is impaired in FT-/- mice and 
mat an o^U>- rucosyiaticn defect in FT— mice could account for the lack of CTL effector function. 
We therefore reasoned mar an Fuc-T-depertient fuccsylated structure on either T ceils or antigen 
presenting ceils (APC) might be required for the generation/ mediation of CTL effector function. PSGL- 
1 is a prominent a(IJ>nicosyiated glycoprotein expressed -on APC and T cells 17 . This molecule is 
functionally deficient in FT-- mice'"", and . r jt e seat s one randidatrt for a Fuc-T-dependent molecule 
required for CTL activation. Thus, we investigated the effect of soluble recombinant PSGL-1 and of 
PSGL-l function blocking antibody, 2PH-L cn secondary iff vitro stimulation of primed viral-specific 
CDS- T cells derived zrem wild r/pe mice. Wild Type mice were infected with w and on day 7 pi, meir 
spienocytes were stimulated in vitro with w in ie absence or presence of either soluble PSGL-1 or its 
non-mcosyiated mutant* 4 and. of PSGL-l blocking monoclonal antibody (2PH- 1 N / or control 
antibodies(anti-L seiectin Mei U t or anti-human PSGL-l antibody PL- 1 3 ). Both soluble PSGL-l and 
function blocking anti-murine PSGL-l mtibctiy, but aot non-rucosyiated soluble PSGL-1 or control 
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antibodies tested partially inhibited development of viral- specific CTL relative to control antibodies (Fig. 
4a. 4b and data not shown). However, neither soluble PSGL-1 nor anri-murine PSGL-1 antibody bad an 
inhibitory effect when added during the CTL assay (not shown). Thus, <x(U>rucosylaied PSGL-1 or a 
closely related molecule appears to be required for die generation of functional CTL but not for target 
cell lysis. 

To determine if mis fucosyiated molecule is required on APC or on T ceils, we asked if wild type 
APC could activate lyric function in w-p risec FT- CD8- T cells, or if HV- A?C were defective in 
cfaeir ability to activate CTL mm primed wild type CD 8- T cells. Wild type and FT V- mice were 
infected with w and on day 7 pi. splenic CD 8- T ceils were selected and stimulated with T ceil depleted, 
w-infected, ^irradiated wildrype or FT spiescc.vw. Cytolyes function was detected in bom wild 
type and FT-'- CDS- 7 ceils when stimulated with wild ryr* A?C, whereas FT-/- APC were incapable of 
eliciting CTL activity on CDS- ceils from either wild type or FT V- mice (Fig. 4c). Thus, a fucosyiated 
molecule jimiiar a PSGL-l, and expressed by A?C appears » be required for effector CTL generation. 

Taken together, our results suggest mat APC-CD8 T ceil interaction through an a(: J> 
fucosylated molecule is accessary for ±e development of anngen-speciSc CD 8 CTL effector function 
but is not required for antigen-specific CDS T ceil proliferation or cytokine secretion. The act mat anri- 
murine PSGL-l as weil as soluble PSGL-i inhibited effector function generation by wild type CD8- T 
cells and mat a detect was act seen in seiectm-dencieat mice suggests mat PSGL-l recognition of 

a counter receptors) mat is (are) distinct rrom selectms is (we) required. Altfacugfa PSGL-l was 
originally identified as the ligand for ? seiectin. it is sow clear mat carbohydrate modifications have 
profound effects on hs binding. Activated Tai ceils, but aot resting T cells or activated Th-2 cells, bind 
P-seiectin. although PSGL-l is expressed in equivalent amounts in all of these cell types 3 . Carbohydrate 
modifications which confer binding ability a HECA VZ. an antibody directed against the cutaneous 
lymphocyte antigen (CLA), modulate PSCL-! binding a H-selectm*. Our results raise the possibility of 
additional, seiectin independent receptees) for PSGL-l. Identification of me receptors will likely lead » 
insights into the mechanism of effector CTL generation and might provide tools to modify "CTL- killer 
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function selectxveiy, cither Co enhance it for viral infections and tumors or, to suppress it in autoimmune 
discuses 
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Figure legend -Fig.1 



FT -/- mice are severely compromised m generating viral-specific effector CTL, but have virtually 
normal LAK and SEA induced CTL activity. La. Splenocytes from wild r/pe or FT-/- mice infected with 
w sc, and Splenocytes & PEL from mice infected rp were tested for cyra lysis of w infected MC57G 
(H2b) targets by 4 a Cr release assay, lb. Splenocytes from ip infected mice were resamuiated in vitro by 
incubation witfa w TtT Vrr r d autologous spienocytes for 5 days and t es ted for antiviral cyro toxicity. For 
all the assays, background killing of uninfected MGS7G targets (which was <3%) was subtracted to 
calculate % specific killing, lc Splenocytes were cultured in vitro for 3 days in the presence of either 
200 IU/ml recombinant lL-£ and tested for lysis of Yac-l target cells (LAK activity) or in the presence 
of IQjig/mi SEA and T ceils were selected and tested for lysis of Raj i ceils coated with SEA. 
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Figure legend -Fig^Z 



FT-/- mice generate activated CDS- T ceils which proliferate and produce cytokines in a viral-specific 
manner. Spleaocytes and PEL from w infected mice stained with FITC-conjugated and mouse Thy L.2, 
CD4 or CDS monoclonal antibodies (2a) or doubly stained with CD8 FTTC or PE and CD62-L FTTC, 
CD I la FTTC or CD44 PE (2b) were analyzed by flow cytometry. For 2c and d, splenocytes from w 
infected mice were ; mrmTnnm*<r**rim\}y depleted of CD4* T cells and NK cells and stimulated with w 
as descrfoed in Fig lc Three days later, culture superaatants were tested for IFN-y levels (2c) and cells 
were pulsed with 3 K thymidine for 3 h and counted for 3 H incorporation (2d). Shown is the average +/- 
SEM of 3 pairs of mice. 
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Figure legend -FIgJ 



FT -/- but aot selecan mice feil to generate viral-specific effector CTL Wild type mice and mice 
deficient for L-, P-, and-E seiecsns were iniecad with w and their spienocytes were tested for antiviral 
cytotoxicity on day 7 pi as described in Fig 1. 
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Figure legend -Fig. 4 



Soluble PSGL-l and anti-murine PSGL-l antibody inhibits development of effector CTL by primed wild 
type CDS- T cells in vitro. Sptenocytes harvested from wild :ype mice on day 7 post vaccinia infection 
were stimulated with w in the absence or presence (20 ug/mi) of soluble recombinant PSGL-l or aon 
fucosyiated PSGL-l(dead PSGL-I) (4a) or of anti-murme PSGL-l anrfoody, 2 PH-l, or anti-human 
PSGL-l anrfoody, PL- 1 (4b). Viral-specific cytotoxicity was measured 5 days later. 4c. FT-/- A?C 
abrogates and wild type APC restores effector CTL generation. Wild type and FT V- mice were infected 
with w and on day 7 pi, CDS— T cells (respcnders) were positively selected and stimulated with w 
infected and ^irradiated wild rype or FT-/- APC (T ceil depicxd splenocytes). Viral-specific cytotoxicity 
was assayed 5 days later. 
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Methods. 



Vaccinia viral infection. FT P/ and VH Lv P- and E-seiectin -/- mica and their wild type 
counterparts were maintained under SPF facility at the Center for Blood Research. Mies 6-8 week of age 
and matched for sex were used fcr the saidies. Mies were infected with WR. strain of w (A7CQ either sc 
at die base of the sail or ip (:0 J p fur mice in 0— ml ?SS). 

Cytotoxicity assays. To test viral-specific cytotoxicity, on day 7 pi, peritoneal exudate ceils were 
harvested by flushing with 3 mis of PBS and /or spleens were collected. Spleaocytes and PEL were 
depleted of R3C by lysis in 0.17 M ammonium chloride and the cells were tested for Soiling of J, Cr 
labeled, MCS7G targets uninfected or infected wi£ w as described earlier 31 . For LAX assay, spleaocytes 
from normal mice were cultured in me presence of 200 lU/ml recombinant Hi and 3 days later, cells 
were tested for killing of a Cr labeled Yac-1 targets. For SEA induced cytotoxicity assay, spienccyres 
were caltured in die presence of lOug/mi SEA (Sigsa) md CDS T ceils were selected (see later) and tested 
for lysis of 3aji awes win SZA (lOOng/mi fcr 30min before the assay). Cytotoxicity was defned 
as (test release-spcnanecus release)/ (maximum release-spontaneous release) X 100. Percent Soiling of 
animected targets (w cytotoxicity) or uncoated target (SEA induced ^toxicity) was subtracted iom 
thai of infected/ coated targets to calculate viiai-specifc cytotoxicity. 

Antibody staining, flow cytometry and immanoinagnetic depletion. To determine T cell subset 
numbers, spleaocytes and PEL were sained singly with FTTC -conjugated anti-mouse CD3, CD4 or CD8 
monoclonal antibodies (Phanningen). Activated CDS- T ceils denned as L-seiectin low, LFA-1 high and 
CD44 high, were assayed by dual staining with ?E CDS X FTTC Mel- 1 4, FTTC CD I la or FTTC CDS X 
PE CD4a (Phanningen). Fcr depletion of CD*- T ceils and MK cells, cells were sained with purified rat 
anti-mouse CD4 and NK 1. 1 antibodies, washed and incubated with goat anti-rat Ig G coated magnetic 
beads (Dynai. 10 beads/cell). The depleted population conained <3% CD* or NK cells as determined by 
flow cytometry. 

In vitro resrimolatioa with w. For A?C, spienccyres harvested 6-7 days post vaccinia were depleted 
of T cells using anti-CD3 coated Dynal beads and infected with w (10 pfu/celL 2 h at 3^0, irradiated 
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(400 rods) and UV-ffeated as described in n 5X10 4 infected ceils were cultured with 5X10* autologous 
uninfected splenocyres in 24 well culture plates for 4-5 days before testing for CTL activity. In some 
experiments, CD*- T cells and NK ceils were deplesed as described above. In some other experiments, 
ceils were positively selected using CDZ- milteay beads according to manufacturer's instructions. 
In some experiments, at me time of in '/tiro stimulation, soluble recombinant PSGL-l Ig chimera, its 
non-nicosyiated variant (dead PSGL-l) (gifts of Genetics insritxte, Cambridge, MA), ann-murine PSGL-l 
antibody, 2PH-1, ann-iiuman PSGL-l anribody, PL- 1 (gift of ...), ano-murine L-seiectin antibody, Mei- 
14 (gift of. — ) were added at a nnai ccnccnCTion of 20 ug/mL 

Lymphocyte proliferation and IFN-y assay. 2X1 Q j splenocyres, depleted of CD4- T cells and NK 
ceils as described above, were caitured wixh equal numbers of > irradiated spienocytes mat were uninfected 
or infected with w in raiicate weils of 96 weil xiys. Three days after stimulation, 50 uJ supematants 
were harvested for IFN-y assay and ±e cuimres were pulsed with 3 K thymidine (0.5 uCI/weil) for 6-S h, 
harvested and counted for 3H inccrcoraccn as described in". Supematants were assayed for DFN-y using 
IFN-y ininiassay kit (Eadogen, MA, USA) caubrared with an EFN-y standard according to manufacturers 
protocol 
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Example 2 

Mice that are doubly deficient in the a(l,3)-fiicosyltransferases, FT-IV and 
FT-VII (FT-/- mice), lack functional selectinligands on leukocytes and endothelial 
cells. Here, we studied the effect of FT deficiency on CD8+ T cell responses to 
vaccinia virus infection. FT-/- mice developed markedly fewer cytotoxic T cells as 
compared to wild-type mice, although comparable numbers of CD8+ T cells 
accumulated at the site of infection in both strains and were capable of vigorous 
viral-specific proliferation. This defect in CTL generation was not due to impaired 
selectin-dependent T cell trafficking, because mice triply deficient in L-, P- and E- 
selectin developed normal antiviral cytotoxicity. Coincubation with wild-type 
APC induced CTL activity in primed CD8 + T cells from both FT-/- and wild-type 
mice, whereas FT-/- APC did not induce CTL generation in either strain. CTL 
generation by wild-type APC was inhibited by anti-P-selectin glycoprotein ligand 
(PSGL)-1 and by coincubation with a(l,3)-fucosylated PSGL-l/Ig chimera, 
whereas non-fucosylated PSGL-l/Ig had no effect. These results suggest a novel 
function for PSGL-1 and perhaps other fucosylated molecules on APC in the 
generation of CTLs from antigen-specific CD8 + T cells, which is distinct from 
their ability to bind selectins. 



24 



Cytotoxic T lymphocytes (CTL) are critical mediators of antigen-specific 
host defense against viral infections. Before a CTL response can be mounted, 
naive CD8 + T cells must first encounter virai antigen on professional antigen- 
presenting cells (APCs) in secondary lymphoid organs. Antigen-activated T cells 
proliferate for several days and eventually migrate to the site of viral infection. 
Finally, they acquire effector functions, namely the ability to kill other cells that 
express cognate antigen on MHC class I and to produce effector cytokines, 
particularly interferon (IFN)-y. The CTL response is thus dependent on the 
targeted movement (homing) of leukocytes in the intra- and extravascular 
compartments. Antigen-laden APC must initially migrate from the site of 
infection to organized lymphoid tissues. Here, they stimulate naive T cells, which 
home to these organs from the blood. Subsequently, activated T cells must find 
their way back into the blood stream and from there into infected peripheral 
tissues. 

Leukocyte migration to many lymphoid and non-lymphoid organs requires 
the concerted action of one or more of the three selectins (L-, E- and P-selectin, 
CD62) and their ligands, which are reciprocally expressed on endothelial cells and 
leukocytes (1-3). Selectins mediate leukocyte, rolling in microvessels by binding 
to sialyl-Lewis x (sLeX) and related carbohydrates that are frequently presented on 
sialomucin scaffolds such as PSGL-1 (4,5). A critical aspect of selectin-binding 
carbohydrates is cc(l,3)-fucosylation of one or more N-acetyl-glucosamine 
residues in sialylated core-2 glycans. So far, five different a(l,3)- 
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fucosyl transferases (FTs) have been identified in mammals, but only FT-IV and 
FT-VII are expressed by leukocytes and endothelial cells (6). Mice that are 
deficient in FT-VII have a defect in selectin-iiependent leukocyte rolling and 
migration to sites of acute inflammation and lymphocyte homing to lymph nodes 
is markedly reduced (7). In contrast, FT-IV -/- mice have only a mild defect in 
leukocyte rolling, whereas FT-IV+VH doubly deficient (FT-/-) mice have a 
phenotype more severe than that of FT-VII -/- animals (8). 

The importance of the selectins has been documented in many settings, 
including acute inflammation, atherosclerosis and cutaneous hypersensitivity 
responses to peripheral antigen challenge (reviewed in 2,4,5). Moreover, it has 
been reported that functional PSGL-1 is upregulated on many T cells after antigen 
recognition, and is required for their recruitment into the inflamed peritoneum (9). 
Correspondingly P- and E-Selectin antibodies severely compromise both CD4 and 
CD8 T cell recruitment to sites of acute inflammation in mice (9). However, how 
selectins and their ligands affect T cell recruitment and immune responses during 
a viral infection in vivo is not known. In particular, the role of these molecules 
during a CTL response to viral antigen challenge has not been examined. To 
address this question; we injected vaccinia virus intraperitoneally (i.p.) into FT -/- 
mice and animals that were triply deficient in L-, E- and P-selectin (selectin -/-) 
(10). Vaccinia virus has been shown to induce an acute infection in wild-type 
mice resulting in the generation of a robust T cell-mediated immune response and 
viral-specific cytotoxicity can be demonstrated directly from freshly isolated 
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splenocytes and peritoneal exudate lymphocytes (PEL) without restimulation in 
vitro (11). 

All wild-type and genetically deficient animals survived the infection and 
virus levels became undetectable within 10 days post infection (p.i.) indicating 
that selectins and carbohydrates modified by FT-IV and/or FT-VII are not essential 
for viral clearance. However, the immune response to vaccinia virus is multi- 
facetted. In addition to a strong CTL response, vaccinia infection elicits natural 
killer (NK) cell function and IFN-y production by NK cells, CD4+ and CD8 + T 
cells as well as a strong humoral immune response (11-17). Although CD8 + CTL 
are the principal mediators of protection in normal animals (13), mice lacking 
CD8 + T cells as well as mice deficient in perforin, an important component of the 
CTL machinery, can clear vaccinia infections (12,15,17). Therefore, normal viral 
clearance in mice that are deficient in FTs or selectins does not exclude that these 
molecules have a role in the generation, migration or function of anti- viral CTL* 

Thus, we analyzed the number, composition and function of peripheral 
blood mononuclear cells (PBMC), PEL and splenocytes obtained from wild-type 
and knockout mice at day 7 p.i. Selectin -/- and FT -/- mice had much higher 
leukocyte counts in peripheral blood and spleen than did wild-type mice (Table 1). 
These results are in accordance with earlier studies that have demonstrated a role 
for selectins in hematopoiesis and leukocyte homeostasis (7,8,10,18). Although 
the frequency of CD4* T cells in blood and spleen was comparable in all strains, 
CD8 + T cell fractions and total cell counts in these compartments were elevated in 
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both selectin-/- and FT-/- mice. However, at the site of infection (peritoneum), 
leukocyte numbers were comparable and similar numbers of CD4 + and CD8 + T 
cells were recovered in PEL from wild type and mutant mice. CD8* T cells were 
the most frequent subset in PEL of all strains, probably reflecting the dominance 
of CD8 + T cell response in vaccinia infection (13). We conclude that selectin- 
ligand interaction is not essential for T cell migration to the inflamed peritoneal 
cavity in this infection model. 

Table 1. also shows that equivalent fractions of T cells in the blood, spleen 
as well as in PEL expressed activation markers (L-selectin u and CD44 Hi ) 
suggesting that antigen-specific priming of T cells can occur normally in the 
absence of selectins or their ligands. During an inflammatory condition like a viral 
infection, not only antigen-specific T cells, but also some non-specific bystander 
cells may be activated and traffic to the site of infection (19,20). However, recent 
data using TCR transgenic mice and MHC-peptide tetramers indicate that most 
activated cells are indeed antigen-specific (21-23). Thus, it is likely that T cells in 
selectin -/- and FT -/- mice were exposed to vaccinia antigen, particularly in the 
spleen where selectins are not required for homing (7,24). 

To determine to what extent the activated CD8 + T cells in infected animals 
were vaccinia-specific effector cells, we tested PEL (obtained at day 7 p.i.) of 
infected mice for virus-specific CTL activity (25). PEL from selectin -A mice 
specifically lysed virus-infected target cells at a level that was similar to wild-type 
controls. In contrast, PEL T cells from FT -/- mice exhibited either markedly 
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reduced levels of cytotoxicity ( 1 1 animals) or no detectable CTL activity (5 
animals) (Fig. 5A). This observation suggested that FTs, but not selectins, may be 
required for the generation of anti-viral CTL activity in vivo. To determine 
whether this involved one enzyme or both, we also tested mice that were deficient 
in FT-IV or FT- VII alone. Both strains had significantly reduced CTL activity 
compared to wild-type mice, but the reduction was more notable in the FT- VII -/- 
than in the FT-IV mice (not shown). The most striking reduction of CTL 
activity was seen in the FT-IV / FT-VH doubly deficient mice suggesting that both 
enzymes may be necessary to elicit optimal CTL activity. In additional 
experiments, we also tested mice that were singly deficient in P- or L-selectin 
(26,27) or doubly deficient in P- and E-selectin (18). Vaccinia-specific CTL 
activity was comparable to wild-type controls in all of these strains, which were 
each derived from independent ES cell clones (data not shown). 

Since compromised lymphocyte trafficking seemed an unlikely 
explanation for the surprising diminishment of CTL in FT -/- mice, we explored 
two alternative hypotheses. First, FT -/- T cells might be incapable of detecting or 
responding to vaccinia antigen. Alternatively, antigen-specific FT -/- T cells 
might exist and get activated, but they may not be able to kill target cells. To test 
whether activated CD8 + T cells in FT -/- mice recognize and respond to vaccinia- 
derived antigens, splenocytes were immunomagnetically depleted of CD4 + T cells 
and NK cells, and tested for vaccinia virus-specific proliferation. CD8* T cells 
from primed mice proliferated rapidly and specifically upon antigen challenge 



(Fig. 5B). There was no difference between CD8* T cells from FT-/- mice 
compared to cells from selectin -/- or WT animals. Thus, FTs are not required for 
the proliferative T cell response to antigen, but may be necessary later when 
activated CD8 + T cells give rise to effector CTL. 

In a separate study, we have shown that CTL activity of vaccinia-specific 
CD8 + T cells is tightly linked to the cells' ability to produce IFN-y in response to 
TCR engagement (28). Indeed, when primed FT -/- CD8* cells were treated with 
anti-CD3, they generated markedly reduced amounts of this effector cytokine 
compared to wild-type and selectin-/- CD8" cells that were stimulated in parallel 
(Fig. 5C). Interestingly, IFN-y production was also reduced in FT -/- CD4 + cells 
indicating that FT deficiency may not only affect the CD8* subset (data not 
shown). Thus, FT -/- CD8 + cells lacked at least two distinct qualities of effector 
cells; CTL activity and IFN-y production. These findings led us to hypothesize 
that FTs might be required to trigger one or more decisive events that must occur 
before activated T cells can give rise to differentiated effector cells. 

The generation of Class I-restricted CTL requires interaction of CD8* T 
cells with APC. Thus, we asked whether FTs are required in T cells or in APC to 
promote CTL differentiation. We restimulated purified primed T cells from wild- 
type mice with APC (i.e. T cell-depleted, vaccinia virus-infected, v-irradiated 
splenocytes) from FT -/- animals and vice versa (29). Cytolytic activity was 
reproducibly induced in both wild-type and FT -/- T cells that encountered 
vaccinia antigen presented by wild-type APC, whereas FT-/- APC were incapable 
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humans that are associated with abnormal generation or function of CTL. For 
example, the ability to selectively modify this critical step might be useful to 
enhance CTL killer function during viral infections or to combat tumors, whereas 
CTL suppression might be beneficial for the treatment of autoimmune diseases. 
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TABLE AND FIGURE LEGENDS 
Table 1 

Total leukocyte counts, T cell subset frequency and activation status of CD8* T cells in 
PEL, spleen and peripheral blood of wild-type, selectin -/- and FT -/- mice. Mice were 
infected by i.p. injection of vaccinia virus (10 5 pfu/mouse) and at day 7 p.i„ peripheral 
blood was obtained by tail bleeding and PEL and spleen were harvested. After lysing of 
RBC, leukocyte counts were performed on all samples using a hemocytometer. To 
determine T cell subset proportions, aliquots of cells were labeled with PTTC -conjugated 
anti-CD4 and PE-conjugated anti-CD8 and analyzed on a flow cytometer (FACScan, 
Becton Dickinson) following standard procedures. To determine the activation status, 
cells were labeled with anti-CD8 FTTC and anti-L-selectin PE or anti-CD8 FTTC and 
anti-CD44 PE. Shown are % CD8* T cells that were L-selectin low or CD44 high. L- 
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selectin levels are not shown for selectin-/- mice because all cells were negative for L- 
selectin. Mean+/- SD from 6 mice in each group are shown. 

Fig. 5 

Anti- viral CTL activity and IFN-y production but not virus-specific proliferation is 
markedly reduced in FT-/- mice. 5A. CTL activity is reduced in FT-/- but not in 
selectin-/- mice. Wild-type, triple selectin-/- and FT-/- mice were infected with w ip 
and 7 days later, their PEL were tested for lysis of w infected 51 Cr labeled MC57G 
target cells (25). Scattergrams for 16 wild-type, 16 FT-/- and 10 selectin-/- mice at 4 
different effector: target (E:T) ratios are shown. Each symbol represents the mean 
percent specific cytotoxicity (from triplicate measurements) of cells from a single 
animal. 5B« Viral-specific proliferation is comparable in selectin-/- and FT-/- mice. 
Mice were infected with w and 7 days later, their splenocytes were 
immunomagnetically depleted of CD4 + T cells and NK cells. 2x10 s depleted 
splenocytes were cultured with equal numbers of T cell-depleted and y-irradiated 
splenocytes that were uninfected or infected with w in triplicate wells of 96-well 
plates. Two days after stimulation, the cultures were pulsed with 3 H thymidine (0.5 
fiCi/well) for 6-8 h, harvested and counted for 3 H incorporation. Shown is the mean 
cpm +/- S.D. from 3 mice for each strain. 5C. DFN-y_production is reduced in FT-/- 
mice but not in selectin-/- mice. PEL obtained on d7 pi were stimulated with 1 (ig/ml 
<xCD3 in the presence of Brefeldin A for 6 h, stained with anti-CD8 Cychrome, fixed, 
penneabilized and then stained with anti-EFN-y_PE using intracellular staining kit 
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(Pharmingen) before analyzing in a flow cytometer. Representative results from 1 
mouse for each strain (out of 3 animals tested with similar results) are shown. 

Fig. 6 

<x(l,3)-fucosylated PSGL-1 is required on APC for the induction of CTL activity in 
activated CD8 + cells. 

Wild-type and FT-/- mice were infected with w and 7 days later, their splenic CD8 + T 
cells were immunomagnetically selected and stimulated with w-infected wild-type or FT- 

^ /- APC (T cell depleted, y-iradiated splenocytes). Cytotoxicity was measured after 5 days 

of culture as described in Fig. 5 and ref.25. Results from 2 mice for each strain are 

* shown. 

hi 
M 

n Fig. 7 

y Secondary stimulation of CTL activity in primed wild-type CD8* T cells is specifically 

O attenuated in the presence of PSGL-1 blocking antibody or in the presence of recombinant 

a(l,3)-fucosylated PSGL-1. Wild-type mice were infected with w and 7 days later, 
splenocytes were harvested and stimulated with w in the absence or presence of 20|ig/ml 
blocking anti-PSGL-1 antibody, 2 PH-1, or control anti-L-selectin antibody, Mel- 14 (7A) 
or in the presence of soluble recombinant fucosylated or non-fiicosylated PSGL-l-Ig (7B). 
Cytotoxicity was determined after 5 days of culture as described in Fig.5 and ref.25. 
Results from four individual mice for 7A and three mice for 7B are shown. 
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Table 1 



Total Cells 


Blood xl0 4 /ml±S.D. 


PEL xlO'xSJ). 


Spleen xIO 6 ±SD. 


+/+ 


5.S 


±0.8 


16.1 ±3.1 


117.5 + 11.0 


Selectm -/- 


17.5 ±2.0 


19.2 ±3.3 


262.5 ± 59.0 


FT-/- 


20.7 ±6J 


20.75 ±5 J 


300 ±88 


CD4*T cells 


Percent Total ±S.D. 


+/+ 


12J±5J 


22.9 ±5.0 


17.2 ±2.1 


Selcctin -/- 


9.24 ±2.7 


18.3 ±4.1 


17.5 ±3.5 


FT-/- 


10.1 


±3.2 


23.8 


±4.6 


21 .4. ±4.7 


CDS" T cells 


Percent Total ±S.D. 


+/+ 


11.1 ±7.2 


42.4 ±14.0 


10.6 


±2.6 


Seiectin 


19.8 ±73 


50.6 ±11.5 


20.9 ±8.0 


i 

FT V- 


19.3 ± 8.0 


56J±6.1 


21.3 


±4.6 


Activation Status of CD8 T cells 




L-selectin 
low 


CD44 
high 


L-selectin 
low 


CD44 
high 


L-selectin 
low 


CD44 
high 


+/+ 


73±8 


86±5 


85±7 


96 ±1 


58 = 5 


59 ±3 


Seiectin -/- 




89±6 




98 ±2 




62 ±3 


FTV- 


79±5 


92±3 


83 = 3 


98 ± 1 


54 = 5 


61 ±7 



